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Doping of a One-Dimensional Mott Insulator: Photoemision and Optical Studies of
Sr2CuO3+δ
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(Dated: November 18, 2018)
The spectral properties of a one-dimensional (1D) single-chain Mott insulator Sr2CuO3 have been
studied in angle-resolved photoemission and optical spectroscopy, at half filling and with small con-
centrations of extra charge doped into the chains via high oxygen pressure growth. The single-
particle gap is reduced with oxygen doping, but the metallic state is not reached. The bandwidth
of the charge-transfer band increases with doping, while the state becomes narrower, allowing un-
ambiguous observation of separated spinon and holon branches in the doped system. The optical
gap is not changed upon doping, indicating that a shift of chemical potential rather than decrease
of corelation gap is responsible for the apparent reduction of the photoemission gap.
PACS numbers: 71.27.+a, 78.20.Bh, 79.60.Bm
1D Mott insulators have been intensively studied both
theoretically and experimentally because of the funda-
mentally different physics expected in 1D [1]. Systems
with nearly non-interacting Cu-O chains, for example,
represent an ideal realization of a Heisenberg spin 1/2
chain [2]. Early on, it was realized that in 1D systems
the elementary electronic excitations are not quasiparti-
cles (QP) as in 3D systems, but collective excitations car-
rying either spin but no charge (”spinons”) or the charge
of an electron but no spin (”holon”) [3]. If created in such
a system, a physical electron (or hole) decays into a pair
of independent excitations. A photoemission spectrum
that measures the spectral function of a physical hole
is therefore a broad multi-particle continuum of spinons
and holons. Similarly, in inelastic neutron scattering
(INS) that measures the spin-spin correlation function, a
two-spinon continuum is expected instead of well-defined
magnons. The boundaries of the continuum, representing
events where one particle is left at rest, may still be well
pronounced and it should be possible to trace the spinon
and holon branches in photoemission, and lower and up-
per boundaries in INS [4, 5]. While the boundaries of
the continuum have been identified in neutron scattering
[6, 7], the spinon and holon branches have not been re-
solved as clearly in photoemission [8]. Theoretical stud-
ies suggest that the direct observation of spinon-holon
branches is more likely in insulating 1D materials [9].
These systems, with partially filled valence bands, are
insulators due to the strong electronic correlations that
forbid double occupancy of sites. In the ”spin-charge sep-
arated” picture, charge excitations (holons) are gapped,
while the spinons may be gapless and form a ”Fermi sur-
face”. Gapping of the charge excitations partially sup-
presses blurring of the branches, raising the chances for
their direct observation.
In this letter, we show that the material with a single
chain per unit cell, Sr2CuO3, may be doped with holes
when grown in a high oxygen pressure. The single parti-
cle gap is significantly reduced with doping, while the op-
tical gap remains nearly constant, the system remaining
in an insulating state. Sharpening of the charge trans-
fer state and its increased dispersion in doped samples
enables unambiguous detection of the spinon and holon
branches in the raw data for the first time.
The photoemission experiments were carried out on
a high- resolution photoemission facility based on un-
dulator beam-line U13UB at the National Synchrotron
Light Source with a Scienta SES-200 electron spectrome-
ter. The combined instrumental energy resolution was
set to ∼ 25 meV. The angular resolution was better
than ±0.1◦ translating into a momentum resolution of
±0.0025A˚−1 at the 15.2 eV photon energy used in the
study. The large single crystals were grown by traveling
solvent-floating zone method under different oxygen pres-
sure. For photoemission studies, samples were mounted
on a liquid He cryostat and cleaved in-situ in the UHV
chamber with base pressure 3 × 10−9 Pa. The polar-
ized reflectance of freshly-cleaved crystals of Sr2CuO3+δ
were measured over a wide frequency range (∼30 to over
23,000 cm−1, or 3 meV to ∼3 eV) on a Bruker IFS 66v/S
Fourier transform spectrometer using an overfilling tech-
nique [10]. The principal optical axes were determined
from the anisotropic behavior of the phonons; a promi-
nent copper-oxygen stretching mode at ∼ 540 cm−1 is
observed only along the chain direction (b axis). The
optical properties were then calculated from a Kramers-
Kronig analysis of the reflectance.
Fig. 1a) shows the photoemission intensity for
Sr2CuO3+δ grown under 5.5 bar of O2, measured along
the chain direction, kb, with the in-plane momentum per-
pendicular to the chains set to ka = 0. The dispersion of
the lower Hubbard band (or more correctly - the charge
transfer band) gapped by a large correlation gap is clearly
visible. The state disperses upwards for k < kF , achieves
a maximum at k = kF and then turns down for k > kF .
In Fig. 1b), the intensity at fixed k = kF ≈ pi/(2b)
(the so called energy distribution curve (EDC)) is plot-
ted for three different growth conditions. It is obvious
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FIG. 1: a) Photoemission intensity of 5.5 bar sample in the chain direction. Lower panel shows false color contour map with
highest intensity in yellow. The dashed lines represent ω = 0 and k = pi/(2b). Upper panel represents the cross-section of the
same spectrum (MDC) at ω = 0.5 eV. The red line is Lorentzian fit to the data. b) Photoemission spectra at kF for three
different growth conditions of Sr2CuO3+δ. Spectra were recorded at 200K (doped) and 300 K (undoped) samples. Inset: the
single-particle gap dependence on O2 growth pressure. c) Optical conductivity at room temperature for light polarized along
the b axis (chain direction) for the undoped and 11 bar O2 grown samples. Inset: LEED pattern for 11 bar sample at 164 eV
electron energy.
that the gap magnitude decreases with the increasing
O2 growth pressure, from ≈0.75eV for the undoped ma-
terial to ≈0.5eV for the highest growth pressure, mea-
sured as the position of the ”leading edge”. In the inset,
we show the growth pressure dependence of the single-
particle gap, which suggests that the metallic state might
be reached for the O2 pressure of 20-30 bar. The obvious
reduction of the photoemission single-particle gap with
increasing oxygen content is in sharp contrast with the
behavior observed in optical measurements.
The optical conductivity (or current-current correla-
tion function) [11] represents an integral throughout the
Brillouin zone of all the q = 0 transitions. As can be
seen in Fig. 1c), the optical gap remains constant upon
doping. Moreover, the real part of the optical conduc-
tivity σ1(ω) does not show any significant difference for
samples grown under different conditions. The photoe-
mission gap is approximately 1/2 of the optical gap for
the undoped sample but not for the 11 bar grown sam-
ple. This would suggest that the correlation gap has
not changed, but rather, the chemical potential has been
shifted closer to the lower Hubbard band. However, the
shift is pronounced only for the highest occupied state
and only near kF . At the zone center the state does not
shift with doping. Also, the deeper states shift only by
a fraction of the gap reduction. The fact that the in-
sulating character of a 1D Mott insulator is preserved
upon doping is fundamentally new and in contrast with
2D cuprates where a small concentration (1-2%) of doped
carriers induces states at the Fermi level and the devel-
opment of metallic in-plane transport [12].
Although the exact oxygen content is not known for
our samples, we anticipate that the doping level is very
low. As the structure of the cleaved surfaces, determined
by LEED (Fig. 1c), inset), is the same for all the sam-
ples, the system retains its orthorhombic structure for the
range of growth conditions applied here. This is consis-
tent with the previous study on lightly-doped polycrys-
talline samples [13] where the insulating phase and the
structure was preserved for δ < 0.03 to 0.1. That study
also suggested that the extra oxygen went into the same
interstitial sites in the rocksalt Sr(La)O structure as in
oxygen-doped La2CuO4+δ. Such interstitial oxygen can
oxidize the Cu-O chains in the same manner as it oxidizes
the planes in La2CuO4+δ. The effective doping level of
Cu-O chains should then be directly measurable in pho-
toemission, by measuring kF . For the undoped material,
the chains are half-filled, and kF is exactly 0.5pi/b. If the
chains were doped with holes, the kF should be some-
what smaller. The upper panel in Fig. 1a) represents the
momentum distribution curve (MDC) at energy ω set in-
side the gap where only the ”tail” of the lower Hubbard
band extends. The MDC is peaked very close to 0.5pi/b
for all our samples, indicating that the departure from
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FIG. 2: a) Contour plot of photoemission intensity recorded at 180 K from a freshly cleaved 11 bar grown sample in the
chain direction. The dashed line represents k = pi/(2b). b) A set of corresponding EDCs for several momenta, increasing from
bottom to the top. The thick spectrum corresponds to kF . c) Dispersion of characteristic features in the spectra from panel
(b). Solid (empty) circles represent ”full” (”middle”) step on the upper (spinon) edge, while triangles represent corresponding
features on the lower (holon) edge, as indicated in the inset for re-plotted 3rd and 4th EDC from the bottom in panel (b). d)
The spectral function simulated as explained in the text [5]. e) The same spectrum as in a), but with intensity on a log-scale,
emphasizing the spinon branch.
half-filling is smaller than or equal to the experimental
uncertainty of 2-3% [14].
Another intriguing feature is an apparent sharpening
of the charge transfer state with doping (see Fig. 1b)).
If the additional oxygen were to introduce disorder into
the Cu-O chains, the effect would be opposite. It is
more probable that the charge induced from the inter-
stitial sites helps in screening the photohole created in
the photoemission proces. Irrespective of the origin, the
observed sharpening is found to be essential for detec-
tion of spin-charge separation in the high-pressure grown
samples as discussed below.
We note that the extra oxygen tends to leave the sur-
face area probed in photoemission relatively quickly after
cleaving, shifting the probed layer closer to the undoped
case. After a day in ultra-high vacuum, the spectra of an
11 bar grown sample look identical to the freshly cleaved
5.5 bar grown sample. If re-cleaved, the 11 bar character-
istics are recovered reproducibly, meaning that only the
surface region was affected. The loss of oxygen and its
resulting inhomogeneous concentration might be a dom-
inant factor that limits the total photoemission width of
the measured states. Although the width and the gap
increase in time, it is not clear what the contribution to
the initial width was. However, the spectra of the high
pressure grown samples were sharp enough to observe the
spin-charge separation directly in the raw data. Fig. 2a)
shows the photoemission intensity in the in-chain direc-
tion from an 11 bar sample at T = 180 K, within 15
minutes after cleaving. In the raw data contour plot,
there is already a hint of two separated branches in the
dispersion of the highest occupied state for k < kF . In
panel b), the same spectrum is shown as a set of EDCs
for several different momenta. Although the dispersion
may seem symmetric relative to kF , there is a signifi-
cant difference in the lineshape between the k < kF and
k > kF regions. For k < pi/(3b), the spectral inten-
sity has a complex shape in that it seems to be limited
between two dispersing step- like features: a rapidly dis-
persing lower edge and a slowly dispersing upper edge.
As these edges merge, forming a wedge-like structure,
only a single-peak can be identified near kF . A single-
peak structure remains above kF . This is exactly what
is expected if spin-charge separation takes place. The
rapidly dispersing lower edge represents the holon branch
while the upper edge represents the spinon branch. In the
cases where these two edges are well separated, one can
identify the ”mid-point” and the ”full-step” energies for
each edge, as shown in the inset of Fig. 2c), and plot them
vs. corresponding momenta. In cases where only a single
peak is present, we plot the peak position and the upper
(leading) edge position. The results are shown in panel
4c). If we identify the lower edge as the holon and the
upper edge as the spinon branch, we get approximately
1.64 eV and 0.4 eV for the total holon and spinon band-
width, respectively. In the t− J model, this corresponds
to t = 0.82 eV and J = 0.26 eV, somewhat larger than
previous estimates for an undoped system [2, 7, 15]. As
noted earlier, the dominant change induced by the in-
creasing oxygen content is the gap reduction. At the
same time, the bottom of the holon branch (at k = 0) re-
mains nearly at the same energy (∼2.5 eV). That means
that the holon bandwidth increases with doping. By us-
ing the gap dependence on pressure, we obtain t ∼ 0.66
eV and 0.72 eV for the undoped and 5.5 bar grown ma-
terial, respectively. We were able to resolve the spinon
branch in the 5.5 bar sample, but not in the undoped
system. Compared to the 11 bar sample, J is slightly re-
duced, but within the error of approximately ±0.05 eV.
To the best of our knowledge, our photoemission spec-
tra from high oxygen pressure grown Sr2CuO3+δ provide
the best direct evidence for spin- charge separation so far.
The continuum of excitations, with well-resolved spinon
and holon branches, have been identified from the raw
data without resorting to the technique of second deriva-
tives [16, 17]. Spurious states, dispersing in the wrong
direction near the zone center and the zone boundary
from ref. [16], have not been detected. To better illus-
trate the agreement with the theoretical models for 1D
Mott insulators, we have simulated the spectral function
in Fig. 2(d), by using eq. (23) from ref. [5] with vc = 6vs
and convoluted it with an 0.4 eV gaussian. Even though
the agreement is remarkable, there are still some discrep-
ancies between our data and the theoretical models. For
example, the observed asymmetry in intensity between
the holon and spinon branches cannot be explained in a
simple 1-band Hubbard model. Theories going beyond
1-band model seem to be able to account for an appar-
ent weakening of the spinon branch [18]. To emphasize
the lower intensity spinon component, we have replotted
the experimental spectrum with a log-scale for intensity
in panel (e). An additional problem is the anomalously
large broadening and the ”leakage” into the gap that is
clearly visible in the photoemission data (Fig. 1). As
spinons are gapless, the ”Fermi surface” that they form
will be smeared out at finite temperature. However, as
recent finite temperature calculations have shown, this
will affect the holon branch much more strongly, while
the spinon edge will remain relatively sharp [9]. Our
photoemission and optical spectra show virtually no tem-
perature dependence, with the ”leakage” still present at
low temperatures.
In conclusion, we have succeeded in doping the sin-
gle chain Mott insulator Sr2CuO3 with holes via high-
pressure oxygen growth. Upon doping, the single parti-
cle gap decreases while the optical gap remains constant.
The kF remains close to pi/(2b), indicating a very low
doping level. In doped samples, the separated spinon and
holon branches have been detected. From the measured
dispersions, we have deduced the set of t− J parameters
that agree well with some earlier estimates [7, 15] and
seem to increase with doping.
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